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SUMMARY OF AVAILABLE INFORMATION ON REYNOLDS ANALOGY 

FOR ZERO- PRESSURE-GRADIENT, COMPRESSIBLE, 

TURBULENT-BOUNDARY-LAYERFLOW 

By Aubrey M. Cary, Jr. 
Langley Research Center 

SUMMARY 

An analysis of available experimental data defining the Reynolds analogy between 
turbulent heat transfer and skin friction has been conducted. For  Mach numbers greater 
than 5, there are insufficient data and too much scatter in the available data to empirically 
define within desirable accuracy limits the functional dependence of the Reynolds analogy 
factor on the boundary variables. For Mach numbers less than 4 or  5 and near-adiabatic 
wall conditions, an empirical definition of the Reynolds analogy factor as presented by 
Chi and Spalding appears to be valid as a mean of the data; no simultaneous measurements 
of skin friction and heat transfer were found for this lower Mach number range. There is 
an indication from the experimental data that decreasing the ratio of wall-to-local-total 
enthalpy decreases the Reynolds analogy factor. 
Karma, and Kozlov estimates of the Reynolds analogy factor agree best with the general 
level of the experimental data. 
data cannot in general be used to validate methods for  predicting turbulent skin friction 
until a comprehensive definition of Reynolds analogy is available. 

Of the available prediction methods, the 

It is concluded that experimental turbulent-heat-transfer 

INTRODUCTION 

There are now available numerous empirical or semiempirical methods which pro- 
vide reliable estimates of turbulent skin friction for  zero-pressure-gradient, compress- 
ible, turbulent-boundary-layer flow up to  Mach 4 or 5 with zero  or moderate heat transfer.  
(See, for  example, refs. 1, 2, and 3.) These same methods can be used to  predict heat 
transfer provided that a Reynolds analogy between skin friction and heat transfer is avail- 
able. Chi and Spalding (ref. 4) determined a Reynolds analogy factor from available heat- 
transfer data for  Mach numbers less than 5 and ratios of wall-to-total temperature f rom 
approximately 0.5 to 1.2 with data restricted to  two-dimensional and axisymmetric zero- 
pressure-gradient flow. By using calculated values of skin friction (from ref. 3) t o  form 
the ratio 2Nst/Cf, where NSt is the local Stanton number and Cf is the local skin- 
friction coefficient, Chi and Spalding concluded that for  their  range of conditions the 



Reynolds analogy factor had no apparent dependence on Mach number or heat transfer and 
that a value of 2N%/Cf = 1.16 provided the best f i t  t o  the experimental data. Since the 
skin-friction predictions for  the data conditions included in Chi and Spalding's investiga- 
tion were previously validated for near-adiabatic wall conditions, the resulting estimate 
fo r  the Reynolds analogy factor should be reliable for  the specified conditions. A 
Reynolds analogy factor of 1.16 is significantly lower than predictions from Colburn 
(ref. 5) or Rubesin (ref. 6) but approximates the K&rm&n prediction, as modified in ref- 
erence 7, for Prandtl numbers of 0.7 to  0.75. 

Fo r  Mach numbers greater than 4 or 5 and for  other than near-adiabatic heat- 
transfer conditions at all Mach numbers, no theory or method for  predicting turbulent 
skin friction and heat transfer has been consistently validated. Though numerous inves- 
tigators have attempted t o  show the desirability of various methods (see, for  example, 
refs. 1, 2, 7, and 8), the considerable leeway afforded each investigator in applying the 
prediction methods (choice of virtual origin for turbulent flow, choice of the Reynolds 
analogy factor, etc.) has precluded making a definitive choice. Thus, the considerable 
body of turbulent-heat-transfer data available for higher Mach numbers and for  which 
skin friction was not also measured cannot be used to  establish the Reynolds analogy 
factor as was done by Chi and Spalding in their  analysis. 

In the present report ,  for Mach numbers greater than 5, only data from investiga- 
tions in which both skin friction and heat transfer were measured simultaneously were 
used t o  determine values for  the Reynolds analogy factor. Included are the published 
results for high Mach numbers (M > 4) and high heat-transfer rates on flat plates o r  noz- 
zle wal l s  (zero pressure gradient), which were found in an extensive literature search 
(refs. 4 and 7 to  16). A summary of results presented by Chi and Spalding for near- 
adiabatic wall conditions is also included for completeness. 

SYMBOLS 

local skin-friction coefficient c f 

function from the Spalding and Chi method (ref. 3)  
FC 

H enthalpy 

M Mach number 

Prandtl number NPr  

2 



NSt 
4 local Stanton number, 

PeUe(Haw - ~ w )  

;I heat-transfer ra te  

PeUe R local Reynolds number, - 
IJ.e 

wall Reynolds number (eq. (8)) 
%W 

T temperature 

U velocity 

X longitudinal distance measured from leading edge 

longitudinal distance along nozzle center line measured from nozzle throat x c L  

XV longitudinal distance measured from origin of turbulent flow 

IJ. dynamic viscosity 

P density 

Subscripts: 

aw adiabatic wall 

e local or edge of boundary-layer conditions 

i inc omp r e s s  ible 

t total 

W wall conditions 

X based on longitudinal distance from peak- heating location at transition or 
beginning of turbulent flow 

e based on momentum thickness 

L 
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RESULTS AND DISCUSSION 

Available skin-friction and heat-transfer data from which a Reynolds analogy factor 
may be deduced can be divided into two classes: those data obtained for Mach numbers 
less  than 4 or  5 with near-adiabatic wall conditions and high Mach number data with sig- 
nificant heat transfer. h the first class, heat-transfer data alone will define a Reynolds 
analogy factor since current prediction methods for the skin friction may be used with 
confidence for  these flow conditions. In the second class,  both skin friction and heat 
t ransfer  must be measured since no generally acceptable method for  predicting skin fric- 
tion fo r  these conditions exists. An attempt was made to  obtain all published data from 
investigations where skin friction and heat transfer were measured simultaneously. 

A summary of the Reynolds analogy factors derived from the available data is pre- 
sented in figure 1 for flat-plate, turbulent-boundary-layer flow and in figure 2 for 
turbulent-boundary-layer flow on a nozzle wall (approximately zero pressure gradient 
at the measuring station) with a favorable pressure-gradient history. 
which flat-plate data defining the Reynolds analogy were available were Mach numbers 
f rom 0 to 12 and ratios of wall-to-local-total enthalpy from 0.09 to 1.20. The variation of 
the data for  any given flow condition is indicated in the figures by the width of the bar with 
each symbol. 
obtained from reference 12 where skin friction and heat transfer were measured simulta- 
neously on a flat plate in a shock tunnel. These data were rereduced for this investigation 
by using a recovery factor of 0.89 instead of 1.0 as used in reference 12. 
of this data reduction a r e  given in reference 8, and the heat-transfer and skin-friction data 
reduced by using a recovery factor of 0.89 a r e  given in table I. 
accurate measurements of skin friction and heating during the short run time associated 
with shock tunnels accounts for some of the scatter in the data from reference 12. 

The conditions for 

Most of the data shown in figure 1 for Mach numbers greater than 4 were 

Additional details 

Difficulty in obtaining 

To delineate functional dependence, an attempt was made to correlate the experi- 
mental data with the local Mach number, the ratio of wall-to-local-total enthalpy, and the 
Spalding and Chi incompressible skin-friction coefficient CfF,, as presented in figures 1 
and 2. Also presented in figures 1 and 2 a re  predictions of the'Reynolds analogy factor 
from five popular methods; each of these methods is discussed in the appendix. There 
are two immediate conclusions to be drawn from figure 1. First, there is excessive 
scatter in the data; part of this scatter may be due to the chosen correlation functions 
and part due to measurement inaccuracies. Second, the available data a r e  generally 
either for  low Mach numbers (Me < 4 or  5 and near-adiabatic wall conditions (Cf not 
measured) o r  for higher Mach numbers and low ratios of wall-to-local-total enthalpy. 
Because of the excessive ma t t e r  in the experimental data and the limited range of con- 
ditions, no definitive statements as to  the overall variation of the Reynolds analogy fac- 
tor with the boundary variables can be made. However, for the conditions of Mach 

1 
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number less than 4 o r  5 and near-adiabatic wall  enthalpy, Chi and Spalding recommend 
using 2Nst/Cf = 1.16, and for these specified conditions, the Chi and Spalding recom- 
mendation appears to be as good a representation of the data as other popular estimates. 
(See the predictions included in fig. 1.) From the variation of the Reynolds analogy fac- 
tor with wall-to-local-total enthalpy ratio, a tentative conclusion may be that a decrease 
in 2N~t/Cf occurs for  the lower range of wall-to-local-total enthalpy ratio 
(0 < Hw/Ht < 0.4). Of the predictions shown in figure 1, the estimates of Kozlov (ref. 17) 
and Kgrmgn (ref. 18) best represent the general level of the data. The K5rmgn values 
were determined by using the modification presented in the appendix of reference 7. 
Kozlov (ref. 17) presented empirical expressions for the skin-friction and heat-transfer 
coefficients and arrived at a Reynolds analogy expression by forming the ratio of these 
two empirical equations. (See appendix.) Predictions using this method for representa- 
tive boundary conditions perhaps best approximate the data in both level and trend. The 
predictions of Kozlov for turbulent skin friction and heat transfer are similar to the pre- 
dictions of the T-prime methods as discussed in references 1, 7, 8, and 16; since these 
studies show the T-prime methods to be questionable at low wall-to-local-total 
temperature ratios, the Kozlov method is also in doubt. 

The nozzle-wall data shown in figure 2 were obtained in a shock tunnel (refs. 12  
and 14) o r  in a boundary-layer channel (ref. 15) where the wall boundary layer has a 
pressure-gradient history. 
by the authors of reference 15 and are presented here in table 11. The scatter of the 
nozzle-wall data is too great and the range of conditions too restricted to experimentally 
assess the effects of the boundary variables on the Reynolds analogy factor. The data 
generally f a l l  below Colburn's prediction (ref. 5) and above Reynolds' original analogy 
(ref. 19). 
the data, as they did with the flat-plate data. 

Heat-transfer and skin-friction data listings were provided 

The Kozlov and the modified K k m h  predictions agree best with the level of 

An assessment of the data in figures 1 and 2 indicates that a relationship between 
heat t ransfer  and skin friction for turbulent-boundary-layer flow is not well defined. 
Thus, it is recommended that experimental heat-transfer data not be used in attempting 
to validate a skin-friction prediction method until accurate measurements of skin friction 
and heat transfer are made and, thus, a comprehensive definition of the Reynolds analogy 
is available. 

CONCLUDING REMARKS 

The main result derived from an analysis of available experimental data on the 
Reynolds analogy is that for Mach numbers less than 4 or  5 with other than near-adiabatic 
wall conditions and for  Mach numbers greater than 4 or 5, there are insufficient data and 
too much scatter in the available data to empirically define the Reynolds analogy factor 
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within desirable accuracy limits. 
to validate methods for predicting turbulent skin friction by using experimental heat- 
t ransfer  data until a comprehensive definition of the Reynolds analogy is available. 
Accurate measurements of skin friction and heat transfer (obtained simultaneously) a r e  
needed in the lower range of the wall-to-local-total enthalpy below Mach 5 and through 
the entire range of the wall-to-local-total enthalpy ratio above Mach 5. The data gath- 
ered for  this analysis are useful but are not definitive from the point of view of the 
Reynolds analogy. 
ratio decreases the Reynolds analogy factor. Of the available prediction methods, the 
K&rm&n and the Kozlov estimates of the Reynolds analogy factor give the best general 
agreement with the level of the experimental data. It is clear that a definitive formula- 
tion of the Reynolds analogy awaits extensive experimental investigation. 

Therefore, extreme care  must be used in attempting 

There is an indication that decreasing the wall-to-local-total enthalpy 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., October 8, 1969. 
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APPENDIX 

FORMULATION OF SEVERAL METHODS FOR PREDICTING THE 

REYNOLDSANALOGYFACTOR 

Reynolds 

Reynolds' original expression for the analogy between boundary-layer heat transfer 
and skin friction for  incompressible flow can be obtained in reference 19 as 

N~ i 

Cf,i 
2 2= 1.0 

When extended to  compressible flow, it is merely assumed that 

N 
2 St= 1.0 

Cf 

C olburn 

The Colburn form of the Reynolds analogy was empirically derived for  incompress- 
ible flow in reference 5. This method of predicting the Reynolds analogy factor extended 
to compressible flow has enjoyed great popularity through the years.  The expression for  
this Reynolds analogy factor is 

n 

where the Prandtl number used for  the predictions in the present investigation is taken to 
be 0.725, and from equation (3) yields a Reynolds analogy factor of 1.24. 

K&m& 

K5rm&nfs expression for the Reynolds analogy factor, originally derived for  incom- 
pressible flow in reference 18 and extended to compressible flow in reference 7,  is 
expressed as 

where 2N~t,i/Cf,i is assumed to be 2Nst/Cf when Cf,i is taken to  be the Spalding 
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APPENDIX 

and Chi incompressible skin-friction coefficient FcCf and the Prandtl number is 0.725. 
A more detailed discussion of this approach is presented in reference 7. It was also 
stated in reference 7 that these Kbm&n values of the Reynolds analogy factor are repre-  
sentative of the predictions from reference 20. 

Kozlov 

Empirical expressions for the local skin-friction coefficient and Stanton number 
were used by Kozlov (ref. 17) to define the Reynolds analogy factor. These expressions 
based on local conditions at the edge of the boundary layer are 

-0.61 -0.28 
NSt = 0.0296%,, -0.2 N p r , w - o ' 5 7 R )  (K) Taw 

Equations (5) and (6) were derived independently from comparisons with experimental 
data. According to reference 17, the range of conditions for which equations (5) and (6) 
are valid within 10 percent are 

for equation (5) 

105 s % 5 109 

T 
0.6 5 5 5 1.0 

Taw 

and for equation (6) 

0.1 2 - TW S 5.0 
Taw 

The ratio of equations (5) and (6) gives the Reynolds analogy factor as 

(0)09-0.01 log&,w) -0.09 
2 c f = 0.695% Npr,w-0-57f$!$ 
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APPENDIX 

For equations (5), (6), and (7) the wall Reynolds number is defined as 

PwUeXv 
PW 

Rx,w = 

where p is the density based on wal l  values of temperature and pressure,  p W  is the 
dynamic viscosity based on wall  values of temperature, and xv is the distance from the 
origin of turbulent flow. 

W 

Chi and Spalding 

From an analysis of experimental data defining the Reynolds analogy, Chi and 
Spalding (ref. 4)  give the Reynolds analogy factor which best fits experimental data as 

2 %= 1.16 
c f (9) 
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- 
TABLE I.- MODIFIED HEAT-TRANSFER AND SKIN-FRICTION DATA 

prom ref. 13 

15.6 x 106 
21.8 
64.4 
89.0 

101.0 
113.0 
125.0 
138.0 
172.0 
189.0 
206.0 
~ 

' Rx I NSt I Cf 

Run 26; Me = 7.4; Hw/Ht = 0.21 

3.48 x 10-4 
3.42 
3.05 
3.10 
3.06 
2.83 
3.12 
2.99 
3.38 
3.21 
3.05 

Run 23: Me = 5.4: Hw/Hf I 0.13 

4 i t  = 0.22 

8.06 x 10-4 
6.05 
7.02 
6.50 
6.00 
6.22 
6.92 
5.54 
5.93 

'Ht = 0.22 

8.21 x 10-4 
6.18 
6.99 
6.33 
5.89 
6.01 
6.86 
5.48 
5.83 

,/Ht = 0.22 

11.10 x 10-4 
10.33 
9.98 
9.26 
1.46 
8.06 
7.80 
6.85 
1.61 
8.55 
7.04 

/Ht = 0.24 

11.50 X 

14.60 
11.30 
13.20 
12.80 
12.90 
12.00 
11.40 
13.10 
14.60 
12.10 
13.00 

- 
6.8 x 106 
9.3 

11.9 
14.4 
11.0 
20.6 
24.1 
27.7 
31.3 
- 

3.82 X l o4  
3.64 
3.43 
3.25 
2.98 
3.09 
2.94 
2.15 
2.54 

2.6 x 106 
4.2 
5.7 
7.2 

~~ 

5.35 x 10-4 8.11 x 10-4 
5.14 8.10 
4.74 7.24 
4.61 7.14 

~ 

Run 19: Me = 8.1: I 

2.1 x 106 4.60 x 10-4 
4.6 5.14 
6.5 4.36 
8.4 4.48 

10.3 4.19 
12.2 3.88 
14.9 3.73 
11.5 3.64 
20.2 3.49 
22.8 13.48 

8.61 x 10-4 
6.13 
6.92 
8.51 
6.39 
5.81 
6.52 
5.95 
5.10 
6.10 

1.5 x 106 
4.2 
6.8 

14.9 
11.6 
20.3 
23.0 
25.1 
29.5 
33.3 
31.1 
~ 

6.36 X 

5.73 
5.39 
5.02 
4.11 
4.45 
4.38 
4.01 
4.30 
4.08 
3.85 

-~ 
20.5 x 106 
34.7 
63.1 
91 .o 
62.0 
122.0 

Run 25; 

2.4 x 106 
3.8 
6.4 
7.8 

~- 

4.14 X 10-4 
4.08 
3.81 
3.10 
3.81 
3.43 

Me = 1.4; H 

5.66 X 10-4 
5.37 
4.88 
4.98 

Rx I Nst 1 cf 
Run 20; Me = 1.0; Hw/Ht = 0.30 Run 12; Me =4.6;  € /Ht = 0.22 

18.00 x 10- 
17.50 
14.80 
15.10 
13.40 
13.90 
11.50 
12.00 
12.30 
9.45 

12.00 
14.70 
11.90 
13.00 

'Ht = 0.13 

12.60 X 10' 
10.44 
10.81 
10.00 
8.12 
9.60 
8.89 
8.18 
9.04 
9.55 
1.83 
9.41 

'Ht = 0.30 

8.34 x 10-1 
1.27 
6.38 
5.51 
5.84 
5.18 
4.63 
5.58 
4.86 
5.20 
5.68 
6.49 
5.34 
6.47 

8.22 x lo-'  
6.35 
6.48 
6.50 , 
5.37 
6.12 
5.65 
5.52 
1.87 
6.28 
1.19 

/Ht = 0.13 

11.60 X lo-' 
10.40 
10.10 
9.83 
9.03 
8.91 
8.69 
8.08 
8.83 

10.50 
8.12 
9.14 

8.06 x 10-4 
7.80 
7.15 
8.37 

1.3 X lof  
3.4 
5.4 
1.5 
9.6 

11.7 
13.7 
15.8 
17.9 
20.0 
22.9 
25.8 
28.7 
31.6 
~ 

Run 18: 

2.5 X lo6 
4.1 
5.1 
7.4 
9.0 

10.6 
12.3 
13.9 
16.2 
18.4 
20.7 
23.0 

- 

8.52 x 10-4 
1.83 
7.08 
7.01 
6.61 
1.03 
6.8.1 
6.50 
6.04 
6.23 
6.23 
6.16 
5.50 
5.18 

e = 1.6; H 

6.18 x 10-4 
6.28 
5.42 
5.86 
5.31 
5.13 
4.90 
4.13 
4.86 
4.60 
4.54 
4.46 

4.5 x io6 5.20 x 10-4 

8.4 
9.7 

~. 1 1 
Run 21; Me = 1.1; Hw/Ht = 0.09 

2.3 x 106 T 6.84 x 10-4 1 11.30 x 10-4 

- 
6.9 X lo6 
9.5 

12.1 
14.1 
11.3 
20.9 
24.5 
28.1 
31.1 

4 .41  X 10-4 
4.28 
3.80 
3.11 
3.38 
3.70 
3.27 
3.11 
3.05 

~ 

4.1 X lo6 
6.9 
9.6 

12.4 
15.2 
17.9 
20.5 
23.4 
21.2 
31.1 
35.0 
38.8 

5.64 x 10-4 
5.81 
5.12 
5.64 
4.99 
5.33 
4.65 
4.59 
4.96 
5.03 
4.59 
4.42 

- 
Run 7; Me = 1.4; H 
- 

~ 

2.9 x 106 
6.0 

12.3 
15.4 
18.6 

7.34 X 10-4 
8.71 
6.26 
5.99 
5.65 

16.20 X l o 4  
11.50 
11.70 
14.10 
11.81 

- 
3.5 x 106 

11.2 
26.8 
34.6 
12.4 
50.1 
57.9 
55.7 
73.5 
31.2 
32.2 
13.1 
14.0 
35.0 

4.34 x lo-' 
3.60 
3.28 
3.19 
2.94 
3.10 
2.92 
2.98 
2.89 
2.83 
2.92 
2.19 
2.85 
3.01 

~ 

Run32: M e =  7.2: A 'Ht = 0.19 

10.10 x 10-4 
9.16 
6.96 
8.21 

10.40 
8.05 
6.93 
1.41 
1.51 
7.45 
8.17 

Ht = 0.30 

9.08 x 10-4 
6.40 
6.76 
1.05 
6.40 
6.70 

€it = 0.21 

8.75 X 10-4 
9.11 
8.55 
8.87 

~ 

5.4 x 106 
1.4 
9.5 

11.6 
13.6 
15.7 
17.7 
20.6 
23.5 
26.4 
29.2 

5.96 x 10-4 
5.00 
5.13 
5.34 
5.31 
5.00 
4.78 
4.12 
4.62 
1.45 
1.38 

- 
2.0 x 106 
3.3 
4.5 
5.7 
8.2 
9.4 

10.6 
11.9 
13.6 
15.3 
17.0 
18.7 - 

8.48 x 10-4 
8.24 
1.83 
7.28 
1.13 
6.22 
6.47 
6.49 
6.58 
6.79 
6.38 
5.58 
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TABLE II.- NOZZLE-WALL DATA OBTAINED IN A BOUNDARY-LAYER CHANNEL 

p r o m  ref. 153 

5.16 x 103 
5.16 

22.73 
15.03 
15.03 
15.03 
15.03 

Ht Me  

5.56 x 10-4 
5.71 
4.19 
6.13 
5.97 
5.96 
5.95 

~- 

4.6 
4.6 
4.8 
4.8 
4.8 
4.8 
4.8 

4.6 
4.6 
4.8 
4.8 
4.7 
4.8 
4.8 
4.8 
4.8 

0.67 
.67 
.70 
.48 
.48 
.48 
.48 

0.69 
.69 
.70 
.70 
.73 
.53 
.53 
.46 
.46 

5.96 x 103 
5.96 

24.38 
24.38 
56.51 
18.53 
18.53 
13.85 
13.85 

7.56 x 10-4 
6.91 
4.00 
3.84 
3.05 
4.48 
4.65 
5.00 
5.09 

cf I 
I 

8.9 x 10-4 
8.9 
7.5 
8.8 
8.8 
8.8 
8.8 

9.3 x 10-4 

7.8 
7.8 

I 

7.0 
9.2 
9.2 
9.9 
9.9 
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la) Experimental data and empir ical  predictions. 

Figure 1.- Reynolds analogy for  flat-plate flow. Al l  predictions are  for  Npr = 0.725. 
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dd 
0 
D 

0 
n 

0 
n 
v 
V 
V 
U 
0 
v 
a 
0 
0 
U 

7J77 

a 

xXx-5 

Me 

4.0 
2.5 
6.8 
7.4 
6.8 
8.8 
7.4 
4.6 
7.6 
8.1 
7.0 
6.4 
5.4 
5.8 
7.1 

11.3 
11.7 

7.2 
4.9 

1.5 to 4.0 

0 to  0.3 

Type of measurement 

Local NSt (skin friction 
calculated from ref. 3) 

Local Cf and NSt 

Local or average NSt 
(skin friction calcu- 
lated from ref. 3) 

Local N a  (skin friction 
calculated from ref. 3) 

.. 

Ref e r enc e 

7 
10 
9 

16 
16 

12, 11, 8 
12, 11, 8 
12, 11, 8 
12, 11, 8 
12, 11, 8 
12, 11, 8 
12, 11, 8 
12, 11, 8 
12, 11, 8 
12, 11, 8 
12, 11, 8 
12, 11, 8 
12, 11, 8 

13 
4 

c 

4 

(b) Key to data. 

Figure 1.- Concluded. 
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1 . 2  
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1.0 
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.8 
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lil 

1 I1 3. ( 

1 2. 6 

i 
2. Nst 

C f  

3 3.4 x 10- 1.8 2.0 2.2 2 . 4  

(a) Experimental data and empir ica l  predict ions. 

Figure 2.- Reynolds analogy for  nozzle-wall flow (nominal  zero pressure gradient). All predict ions for  Np,. = 0.725. 
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0 
0 
0 
A 
n 
b 
a 
0 -  
0 
a 
V 
17 

Me 

6.6 
8.0 
7.8 
6.8 
7.8 
8.0 
7.6 
8.8 
8.2 
8.6 
8.9 
4.7 

Type of measurement 

Local Cf and NSt 
(shock tunnel) 

Local Cf and NSt 
(boundary - lay e r c hann e 1) 

Reference 

11, 14 

15 

(b) Key to data. 

Figure 2.- Concluded. 
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